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The effects of carbon deprivation on survival of methanotrophic bacteria were compared in cultures
incubated in the presence and absence of oxygen in the starvation medium. Survival and recovery of the
examined methanotrophs were generally highest for cultures starved under anoxic conditions as indicated by
poststarvation measurements of methane oxidation, tetrazolium salt reduction, plate counts, and protein
synthesis. Methylosinus trichosporium OB3b survived up to 6 weeks of carbon deprivation under anoxic
conditions while maintaining a physiological state that allowed relatively rapid (hours) methane oxidation
after substrate addition. A small fraction of cells starved under oxic and anoxic conditions (4 and 10%1,
respectively) survived more than 10 weeks but required several days for recovery on plates and in liquid
medium. A non-spore-forming methanotroph, strain WP 12, displayed 36 to 118% of its initial methane
oxidation capacity after 5 days of carbon deprivation. Oxidation rates varied with growth history prior to the
experiments as well as with starvation conditions. Strain WP 12 starved under anoxic conditions showed up to
90% higher methane oxidation activity and 46% higher protein production after starvation than did cultures
starved under oxic conditions. Only minor changes in biomass and morphology were seen for methanotrophic
bacteria starved under anoxic conditions. In contrast, starvation under oxic conditions resulted in morphology
changes and an initial 28 to 35% loss of cell protein. These data suggest that methanotrophic bacteria can
survive carbon deprivation under anoxic conditions by using maintenance energy derived solely from an
anaerobic endogenous metabolism. This capability could partly explain a significant potential for methane
oxidation in environments not continuously supporting aerobic methanotrophic growth.
Methanotrophic bacteria are considered obligately aerobic
respiratory bacteria that can utilize methane as their sole
source of carbon and energy for growth (8, 15). Methanotrophs
are important biological regulators of methane fluxes in na-
ture, and they have been isolated from a variety of habitats
including freshwater lakes and wetlands, the open ocean,
estuaries, and different terrestrial environments (8, 15, 32, 47).
The simultaneous presence of high densities of different
methanotrophic genera have also been established by immu-
nofluorescence techniques in environments ranging from tun-
dra soils to the water columns and sediments of marine and
freshwater habitats (2, 14, 33, 45). Many of these environments
are characterized by heterogeneous nutrient distributions and
abiotic factors that vary spatially and temporally. For example,
oxygen and methane gradients have been observed to change
seasonally and diurnally in some sediments and soils (23, 24,
44, 48). In sediments, oxygen penetration can change from
millimeter to micrometer depths within hours; oxygen concen-
trations can change from supersaturation to hypoxia or vice
versa in relatively short periods of time (19, 24, 35). For
aerobic methanotrophic bacteria, oxygen fluctuations are likely
important regulators of growth and survival in situ. Changing
oxygen regimens may thus alter the capacity for methane
consumption in a given habitat and thereby affect methane
emission or uptake over time (22). However, previous studies
of methanotrophic physiology have predominantly focused on
various aspects of growth under optimized conditions, and only
few studies have dealt with the responses of methanotrophic
bacteria to adverse conditions such as carbon and energy
deprivation.
Whittenbury et al. (46) observed formation of exospores and
several types of cysts that enabled methanotrophs to survive
exposure to desiccation and extended methane starvation.
However, these resting stages were found only in some organ-
isms and expressed only under some conditions. On the basis
of immunofluorescence techniques, other studies suggest that
densities and species composition of methanotrophic bacteria
in situ can vary relatively little between what appear to be oxic
and anoxic environments (2, 14). However, although such
techniques provide much needed information about the distri-
bution of methanotrophs in different environments, it is often
difficult to assess the physiological state of the immunolabeled
organisms. Thus, the mechanisms by which methanotrophs in
situ adapt to and survive exposure to suboptimal conditions
such as starvation and anoxia remain uncertain.
In the present study, we examined the effects of carbon
deprivation on survival and recovery of Methylosinus trichospo-
rium OB3b and the recently isolated strain WP 12. These
organisms belong to the group II and group I methanotrophs,
respectively (in this paper, the names and classification of
methanotrophic bacteria follow the recent suggestions by
Bowman et al. [8]). As limitations of growth substrates in situ
likely take place under both oxic and anoxic conditions, the
effects of carbon deprivation were studied both in the presence
and absence of oxygen in the starvation medium.
MATERIALS AND METHODS
* Corresponding author. Phone: (207) 563-3146. Fax: (207) 563-3119.
t Contribution 273 from the Darling Marine Center.
Organisms. M. trichosporium OB3b and Methylobacter albus
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R. S. Hanson; the methanotrophic strain WP 12 was isolated
from a freshwater wetland (see below).
Media and culture conditions. M. tnichosporium OB3b, M.
albus BG8, and strain WP 12 were grown in a nitrate minimal
medium (NMM) containing 10 mM KNO3, 6.1 mM Na2HPO4,
3.9 mM KH2PO4, 0.8 mM Na2SO4, 0.2 mM MgSO4, and 0.1
mM CaCl2. Trace elements were added before autoclaving to
give the following final concentrations in the medium: 2 ,uM
ZnCl2, 2 p.M CuCl2, 1 ,uM NaBr, 0.5 ,uM Na2MoO2, 2 ,uM
MnCl2, 1 ,uM KI, 2 ,uM H3BO3, 1 ,uM CoCl2, and 1 ,uM NiCl2.
Iron was added to the autoclaved medium as filter-sterilized
FeSO4 in 1 M HCI to give a concentration of 50 ,uM and a final
pH of 6.8 to 7.0. Cells were grown on methane in batch
cultures on a shaker at 120 rpm and 30°C with an initial
atmosphere of 30% CH4 and 70% air. The medium used for
the initial enrichment of strain WP 12 was a modified NMM
medium containing 1.7 mM Na2HPO4 and 8.3 mM KH2PO4
with a pH of 5.8 to 6.0. The low-pH medium was otherwise
identical to NMM described above.
Isolation of strain WP 12. The methanotrophic strain WP 12
was isolated from a freshwater wetland with a ground cover of
Sphagnum spp. (Walpole Woods, Maine). A 1-g sample of
water-saturated anoxic peat (pH 5) located 12 cm below the
peat-water interface was used as an inoculum for the initial
enrichment. After detection of growth on methane (3 to 4
weeks), the culture was exposed to anoxic conditions (N2 in the
headspace for approximately 1 month) before the enrichment
was continued under oxic conditions on low-pH NMM agar
plates. Many of the strains isolated from the peat subsequently
displayed better growth at circumneutral pH (standard NMM
medium). The isolate used in this study, strain WP 12, is a
non-spore-forming plump rod (0.6 by 2 ,um). It was tentatively
identified as a group I methanotroph on the basis of morphol-
ogy and the apparent lack of soluble methane monooxygenase
expression in copper-deficient medium as indicated by the
naphthalene oxidation assay (9).
Carbon starvation of M. trichosporium OB3b. Cells from an
exponentially growing M. trichosporium OB3b culture (p. =
0.07 h-1) were harvested by centrifugation, washed twice, and
resuspended in NMM. Culture samples of 150 ml were trans-













FIG. 1. Methane oxidation by M. trichosporium OB3b after aerobic
and anaerobic carbon starvation. Methane oxidation rates were calcu-
lated from linear decreases in methane concentration during incuba-
tion of starved cells for 24 h in the presence of methane and oxygen.
Oxidation rates are the means for triplicate cultures. Error bars
represent standard errors.
and incubated with 5% methane for 12 h on a shaker at 120
rpm and 30°C. A relatively small headspace volume was used
to reduce gas transfer and to cause a downshift in growth rate
(p. = 0.03 h-1) prior to the experiment. After this initial
downshift, the effects of methane starvation were examined
with cells incubated in the presence and absence of oxygen in
the starvation medium. (In this study, methane starvation is
defined as incubation of methanotrophs in the presence of
methane concentrations less than or equal to the concentration
in ambient air [equal to approximately 2 nM dissolved meth-
ane]). The two starvation conditions were obtained by flushing
the flasks with either air (oxic conditions) or N2 (anoxic
conditions). These starvation regimens are referred to as
aerobic and anaerobic starvation, respectively. The absence of
oxygen in the assays was confirmed on a Varian 3700 gas
chromatograph equipped with an electron capture detector.
Flasks with uninoculated NMM were used as controls in the
starvation experiments, and all flasks were incubated for 70
days on a shaker at 120 rpm and 30°C. Subsequent sampling
from stoppered flasks was carried out aseptically with a needle
and syringe. Anoxic cultures were flushed with N2 following
each sampling; oxic cultures were flushed with air after sam-
pling and also between sampling days to ensure oxic condi-
tions. Production of total CO2 by starved cells was calculated
from the concentration of CO2 in the headspace. Gas samples
were analyzed with a Varian 3700 gas chromatograph
equipped with a thermal conductivity detector.
Carbon starvation of strain WP 12. The effects of growth
conditions on the survival and recovery of strain WP 12 after
carbon deprivation were examined by transferring a culture in
exponential growth (p. = 0.06 h-1) from a shaker at 120 rpm to
a shaker at 60 rpm 18 h before the starvation experiment. This
change induced the onset of stationary phase (90% decrease in
growth rate) due to reduced gas transfer. A second culture of
WP 12 in exponential growth was maintained at 120 rpm until
the start of the starvation experiment. Cells were then har-
vested by centrifugation, washed twice, and resuspended in
NMM to a density of approximately 1.3 x 108 cells ml-' (A600
= 0.15). Samples of 20 ml were transferred to 160-cm3 serum
bottles and starved for 5 days under oxic and anoxic conditions
as described for M. trichosporium OB3b. After 5 days of carbon
starvation, survival and recovery were evaluated from mea-
surements of the capacity for (i) methane oxidation, (ii)
protein synthesis, and (iii) reduction of tetrazolium salts.
Methane oxidation. Methane oxidation by M. trichosporium
OB3b and strain WP 12 was measured in 3- or 4-ml aliquots
from the carbon-starved cultures. Methane oxidation rates
were calculated from linear decreases in methane concentra-
tions in 38-cm3 serum bottles after the addition of 0.5-cm3
methane (ultra-high purity). Gas samples (0.2 cm3) were taken
with a needle and syringe and analyzed on a Shimadzu 14A gas
chromatograph equipped with a Porapak Q column and a
flame ionization detector. Sampling continued for up to 24 h
(five or more times) to ensure detection of methane oxidation
in starved cultures that showed lag periods prior to the onset of
methane oxidation.
XTT and CTC reduction. Reduction of the tetrazolium salts
5-cyano-2,3-ditolyl tetrazolium chloride (CTC) and sodium
3'- { 1- [(phenylamino) -carbonyl] - 3,4-tetrazolium} -bis(4-me-
thoxy-6-nitro)benzene-sulfonic acid hydrate (X1T) was mea-
sured partly as described previously (36, 37). Aliquots from
starved cultures were harvested and resuspended in Fe2+-free
NMM containing 5 mM CTC or XTI. Cells were incubated in
the absence of added growth substrates (methane). Formate,
which can support electron transport activity but not growth in











































































FIG. 2. Example of methane oxidation b3
after 7 days of aerobic (0) and anaerobic (4
assays. Cell suspensions (0.5 to 1 ml)
oxic conditions in 12-cm3 serum bottles
120 rpm for 8 or 24 h. Accumulation
formazan was examined by epifluoresce
Axioskop microscope; blue 450- to 491
520-nm barrier filter). Water-soluble XI
sured spectrophotometrically as describ
Protein determination. Protein conct
mined by the bicinchoninic acid reagen
(42). Cell suspensions from starvation
ments were centrifuged (8,000x g; 10 m
ml of 1 mM phosphate buffer (pH 7.0), a
later analysis. Bovine serum albumin w
The capacity for protein synthesis afte
sured as the net amount of protein pro(
of cells for 24 h in the presence of met]
Cell enumeration. The total number
in 0.1-ml aliquots fixed with 0.1 ml of 4%
counting was carried out with a Burker-I
and a Zeiss Axioskop microscope. San
counts were taken from carbon-starved
porium OB3b after 70 days of incubation
samples were plated onto NMM agar p
30° C with an initial atmosphere of
Colonies were counted after 4 and 6 we
Statistical analysis. One- and two-tai]
respectively] were carried out by using
for Macintosh computers.
RESULTS
Survival and recovery of carbon-sta]
OB3b. The ability to oxidize methanede
in cultures of M.trichosporium OB3b du
absence of exogenous carbon substrat4
number of cells (direct counts) did not
starvation, and methane oxidation rates
108 cells to facilitate comparison betwe
obic starvation. Although trends were
cultures incubated with and without oxy
were evident. Exponential decreases in
ane oxidation after aerobic and anaerobio
as rate constants (p. = -0.21 and -0.1
significantly different (P < 0.004 fort(
carbon starvation, methane oxidationv
cultures of M. trichosporium OB3b thai
incubated under anoxic conditions. Incubation of M. trichos-
porium OB3b under anoxic conditions in the presence of
methane (10%) did not increase the capacity for subsequent
aerobic methane oxidation relative to anoxic cultures incu-
bated without methane (data not shown).
M. trichosporium OB3b cultures starved for more than 2 days
showed a lag period prior to the onset of maximal poststarva-
tion methane oxidation (Fig. 2). After
oxidation rates usually remained constant
was followed by an increase in the oxidation
due to cell growth. The duration of the lag periods increased
with increasing starvation time and were generally more pro-l l l
nounced for cells starved under
12 16 20 After 70 days of carbon starvation,
trichosporium OB3b failed to show detectable methane oxida-
tion during incubation for 48 h in the presence methane
y) carbon starvation. oxygen (data not shown). However, recovery on NMM agar
plates incubated for 6 weeks with 30% indicated that
a fraction of the population remained culturable (Table 1).
Cell growth on plates was slow, and some colonies were
were incubated under only after more than 4 weeks of incubation. The recovery
at 30°Con a shaker at aerobic and anaerobic starvation was 4 and 10% of
intracellular CTeC- number of cells, respectively 1). No reductive cell
divisions were observed
starvation of M. tricho-
0-nm excitation filter; sporium OB3b as indicated
formazan was mea- (direct counts) throughout
experiment.ted previously (37). The average protein content trichosporiumOB3b
entrations were deter- changed over time, depending
it assay of Smith et al. starved in the presence or
(Fig. 3). Aerobic
and recovery experi- starvation caused a 28%
protein, which took
in), resuspended in 0.5 place during the initial
incubation. contrast,
nd frozen (-80°C) for decrease in protein concentrations
seen during 42 days of
as used as a standard. anaerobic starvation (Fig.
respiration,
r starvation was mea- sured as CO2 production,
duced after incubation starvation and was highest
hane and oxygen. tion (data not shown).
f cells was determined changed morphology and
time,
9 formaldehyde. Direct probably because of respiratory
riirk counting chamber cell leakage.
nples for spread plate Survival and recovery WP 12.
cultures of M. tnichos- Methane oxidation rates
After serial dilutions, WP 12 differed, depending
lates and incubated at starvation experiment.
30% methane in air. vested from an exponential-phase
2.5
-eks of incubation. higher than oxidation rates
led t tests [t(i) and t(2), ary-phase culture (Fig. However,
StatView SE software stationary-phase culture
ane oxidation rates after 5 days of carbon starvation (Fig. 4).
As with M. trichosporiumOB3b, aerobic starvation of strain
WP 12 significantly decreased the capacity for methane oxida-
tion relative to anaerobic starvation. Poststarvation methane
rved M. trichosporium oxidation rates were 54 and 90%
ecreased exponentially
iring incubation in the
es (Fig. 1). The total
change during carbon
are thus expressed per
en aerobic and anaer-
generally similar for
rgen, some differences
the capacity for meth-
c starvation, expressed
[1, respectively), were
2)4). After 42 days of
vas detectable only in
t had previously been
TABLE 1. Direct counts and plate counts for carbon-starved
tnchosporium OB3b
Direct counts" (107 Plate
Type of cells ml') counts' (107 Recovery"
starvation CFU ml-') (% )
DayO Day 70 on day 70
Aerobic 7.38 6.88 0.26+ 0.01 4
Anaerobic 7.19 6.93 0.75 0.34
a
Results the ± standard for triplicate cultures. For direct
counts, the standard errors of the means werec5%.
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FIG. 3. Protein concentration in M. finchosporium OB3b cells after
aerobic and anaerobic carbon starvation. Concentrations are the
means for triplicate cultures. Error bars represent standard errors.
starvation in cultures initially harvested from stationary and
exponential phases, respectively [P < 0.02 and P < 0.002 for
t(l),6, respectively].
Aerobic starvation of strain WP 12 for 5 days caused a 30 to
35% decrease in protein concentration (Table 2). The aerobic
degradation took place regardless of growth conditions prior to
the experiment, and the resulting protein loss was 2.6 to 2.8
times higher than that for cells starved under anoxic condi-
tions. The ability of starved cells to grow (produce protein)
after carbon deprivation was also affected by the oxygen status
of the starvation medium (Table 2). The greatest net protein
production after starvation (24 h) was observed for cultures
harvested in exponential phase prior to the starvation experi-
ment. In these cultures, poststarvation protein production for
cells recovering from anaerobic starvation was 46% higher
than that for cells from aerobic starvation [P = 0.0002 for
t(l),6].
XTT and CTC reduction. The tetrazolium salts CTC and
XTT were examined for use as indicators of viability in the
carbon-starved methanotrophs. Starved cells were incubated
under oxic conditions with 5 mM CTC for 24 h, and formate (5
mM) was added to stimulate electron transport activity. After
5 days of carbon deprivation, strain WP 12 oxidized methane
and synthesized protein after substrate addition but did not
accumulate detectable fluorescent CTC formazan. Also, no
TABLE 2. Protein concentration and capacity for protein
production in strain WP 12 after aerobic or anaerobic
carbon starvationa
Amt of protein Net protein
Growth Type of (,ug 108 cells-1) production after
phase starvation starvation (jig 24 h-')
Day 0 Day 5 on day 5b
Exponential Aerobic 13.5 8.8 18.1
Anaerobic 13.6 11.9 26.4
Stationary Aerobic 14.9 10.5 12.2
Anaerobic 14.7 13.0 13.1
Results are the means for quadruplicate cultures; standard error of <9% for
all data.
b Net increase in protein concentration after starvation was measured as
described in Materials and Methods. The increases are calculated for an initial
cell density of 108 cells per ml. Actual direct counts in the cultures on day 5
varied between 1.3 x 10i and 1.4 x 108 cells per ml.
CTC reduction was observed in subsequent experiments in
which CTC was added to exponentially growing cultures of
strain WP 12 (data not shown). In contrast, incubation of M.
trichosporium OB3b with CTC under comparable conditions
resulted in the production of detectable CTC formazan within
a few hours. Incubation of strain WP 12 with a different
tetrazolium salt, XTT, resulted in measurable production of
water-soluble XYT formazan, but the rates were much lower
than those for M. trichosporium OB3b and M. albus BG8 (Fig.
5). Attempts to stimulate XYT reduction in strain WP 12 by
the addition of formate (5 mM) were unsuccessful, whereas
XTT reduction by M. trichosporium OB3b increased in the
presence of formate, methanol, and methane (data not shown).
Rates of XTT reduction by M. trichosporium OB3b and M.
albus BG8 were generally higher for cultures that had been
starved previously under anoxic conditions (Fig. 5). For M.
trichosponium OB3b, aerobic XTT reduction rates for starved
cells taken from anoxic cultures were 62% higher than those
for cells from oxic cultures.
DISCUSSION
Although methanotrophic bacteria are present in many
terrestrial and aquatic environments, relatively little is known
about the mechanisms regulating their activity and survival in
situ. In this study, we examined the effects of carbon depriva-
tion on survival and recovery of a group I and a group II
methanotroph. Different strains were incubated for periods up
to 70 days in oxic and anoxic inorganic media in the absence of
methane. Under these conditions, the observed starvation
responses were probably affected minimally by cryptic growth
as methanotrophic bacteria do not grow on exogenous multi-
carbon compounds (8, 47).
Carbon starvation of M. trichosporium OB3b cultures re-
sulted in an exponential decrease in methane oxidation capac-
ity over 6 weeks. Comparisons of methane oxidation by M.
trichosporium OB3b with the ammonium and methane oxida-
tion capacity in starved cultures of a Nitrosomonas sp. (18)
indicate that starved nitrifiers sustain a potential for methane
oxidation longer than do starved methanotrophs. In this study,
M. trichosporium OB3b did not oxidize methane during a 24-h
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FIG. 4. Effect of previous growth conditions on methane oxidation
by strain WP 12 after aerobic and anaerobic carbon starvation. Cells
were harvested from exponential- and stationary-phase cultures and
subsequently starved for 5 days under oxic and anoxic conditions. (See
Materials and Methods for details.) Oxidation rates are the means for
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FIG. 5. Comparison of XTI' reduction by carbon-starved meth-
anotrophic bacteria. Strain WP 12 was harvested from exponential-
and stationary-phase cultures prior to the starvation experiment (see
Materials and Methods for details). After 5 days of aerobic and
anaerobic carbon starvation, XTT reduction was measured under oxic
condition in the absence of added substrates. Production of XTT
formazan was measured for a period of 10 h forM. trichosponum OB3b
and M. albus BG8 and 24 h for strain WP 12. Rates are the means for
triplicate cultures. Error bars represent standard errors.
nas sp. has been shown to oxidize methane after 140 days of
substrate deprivation (18).
Comparisons of methane oxidation rates and plate counts
for starved M. trichosporium OB3b suggest that the absence of
detectable methane oxidation after 70 days of carbon depriva-
tion was not due to an absence of viable organisms, as 4 to 10%
of the cells in the cultures were ultimately recovered on NMM
agar plates in the presence of methane. As plate counts can
vary significantly for both starved and growing methanotrophs
(37), the true number of viable cells at day 70 may have been
even higher if some cells became nonculturable in response to
extended starvation (39). Sporulating cells were observed in
samples collected during the first days of starvation, although
at a relatively low frequency (.10% of the total number of
cells; more frequent in oxic cultures). Recovery of M. tricho-
sporium OB3b from lorbg-term starvation (e.g., 70 days) could
thus be explained by exospore germination or the slow recov-
ery of cells other than spores from a dormant state (21).
However, the relatively fast recovery (0 to 12 h) of M.
tnichosporium OB3b from starvation periods between 2 and 21
days is not consistent with spore germination. Detectable
germination of methanotrophic exospores after substrate ad-
dition can take several days (16, 34, 46) and corresponds poorly
with the constant rates of methane oxidation measured a few
hours after substrate addition. These results, and the fast
response (1- to 2-h lag) observed for the non-spore-forming
strain WP 12, suggest a relatively successful survival mecha-
nism for methanotrophs that does not necessitate extensive cell
differentiation during starvation and subsequent recovery.
Although methane oxidation was readily detected in strain
WP 12, cells starved for 5 days did not reduce the tetrazolium
salt CTC during 24-h incubations. Strain WP 12 reduced the
tetrazolium salt XTT under comparable conditions, although
the observed rates were much lower than those measured for
M. trichosporium OB3b and M. albus BG8. The reason for the
lack of CTC reduction and the low XTT reduction by strain
WP 12 is unclear. Perhaps the differences between strain WP
12 and other methanotrophs are due to a more limited access
of the redox dyes to the sites of reduction in strain WP 12 (e.g.,
cytoplasmic and intracytoplasmic membranes).
These observations suggest that methods based on CTC and
XTT reduction may not be applicable to all bacteria. However,
in bacteria that reduce XTT, formazan production can be used
as an indirect indicator of metabolic activity and thus serve as
an index of viability (37). For M. trichosporium OB3b, compar-
isons of methane oxidation after 7 days of starvation and XTT
reduction after 5 days of starvation show similar patterns for
cultures previously incubated under oxic and anoxic conditions
(66% higher methane oxidation capacity and 62% higher X1T
reduction capacity in samples taken from anoxic cultures,
respectively) (Fig. 1 and 5).
Starvation experiments with aerobic bacteria in the labora-
tory are often carried out under oxic conditions only. In
contrast, fluctuations in the abundance of bacterial growth
substrates in situ are not necessarily separated from changes in
oxygen availability; i.e., starvation can occur under both oxic
and anoxic conditions. The results presented here show that
starvation in the absence of oxygen can be less detrimental for
methanotrophic bacteria. Anaerobic starvation consistently
resulted in equal or better survival and recovery for M.
trichosporium OB3b, M. albus BG8, and strain WP 12 than did
aerobic starvation. It is therefore conceivable that estimation
of starvation-survival from aerobic starvation alone could lead
to erroneous conclusions about the survival limits for other
aerobic bacteria.
Aerobic metabolism in bacteria inevitably leads to the
generation of active oxygen species that can potentially dam-
age the cell. In addition, methanotrophic bacteria may also be
exposed to active oxygen species generated by methane mo-
nooxygenases (MMO) (10, 13). The ability to effectively pre-
vent and repair oxidative damage may decrease if the cell is
continuously exposed to other forms of stress (12). A better
survival for methanotrophs during anaerobic starvation rela-
tive to aerobic starvation could thus be linked to a decrease in
oxidative stresses. The relative effect of aerobic starvation on
strain WP 12 appeared to be less for cultures harvested in
stationary phase. In this case, carbon deprivation prior to the
experiment may have induced a starvation response that also
included cross-protection against oxidative stress (12, 17, 29,
31).
Another factor that could contribute to a slow recovery and
decreased aerobic starvation-survival of methanotrophs is the
continuation of endogenous respiration during aerobic starva-
tion. Although undoubtedly beneficial under some conditions,
metabolism of intracellular constituents, such as proteins, may
lead to a critical loss of cell components.involved in starvation
recovery. For example, aerobic degradation of the key enzyme
in methane oxidation, MMO, may retard starvation recovery
relative to recovery from anaerobic starvation. MMO is appar-
ently expressed constitutively in M. trichosporium OB3b and in
other obligate methanotrophs (6, 16), but the onset of aerobic
starvation may decrease MMO concentrations to a background
level. This could partly explain the differences in initial meth-
ane oxidation rates seen for exponential- and stationary-phase
cultures of strain WP 12 (Fig. 4). Also, the initial lag observed
prior to the onset of maximum methane oxidation after aerobic
starvation (Fig. 2) could partly be due to resynthesis of lost
MMO. A low (or complete absence of) protein degradation
during anoxia compared with a continuation of metabolism of
MMO and ribosomal protein during aerobic starvation may
thus partly explain the differences in survival and recovery
observed for oxic and anoxic cultures.
The physiological basis for the relatively successful survival
of methanotrophs under anoxic conditions is uncertain, as
growth or starvation-survival in the absence of oxygen has not
been described for this group of bacteria. Results from a study
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radation by mixed methanotrophic cultures showed that rest-
ing cells maintained a higher capacity for trichloroethylene and
methane oxidation when cultures were stored unshaken. Cul-
tures shaken under microaerophilic conditions (0.1% oxygen
in N2) also maintained a higher capacity for trichloroethylene
transformation than did cells shaken in the presence of air (3).
These results are consistent with some of the findings for M.
tnchosporium OB3b and strain WP 12, although it is difficult to
evaluate whether the observed survival occurred under anoxic
or microaerophilic conditions. The possibility that oxygen
contamination of anoxic flasks supported significant aerobic
respiration in this study is slight, as experiments conducted
with N2-flushed cultures with and without a reductant (2 mM
Na2S) in the medium gave similar results (38). In addition,
N2-flushed cultures incubated in 60-cm3 syringes submerged in
anoxic water containing 100 mM sodium thioglycolate survived
starvation better than did parallel cultures incubated in air
(23).
It has been suggested that the initial starvation response in
bacteria can involve cell reorganization, protein synthesis and
degradation, reductive divisions, and occasional temporary
increases in respiratory activity (4, 25, 28-31, 40). Generation
of the energy needed for this initial starvation response as well
as for subsequent maintenance depends on functional cata-
bolic pathways (11, 41). In methanotrophs, the ability to
survive extended periods of anoxia in both pure cultures and in
situ suggests an adequate anaerobic maintenance metabolism.
However, the pathways and energy source(s) used in the
absence of methane and oxygen are not known. In this study,
both group I and group II methanotrophs survived anoxia
despite some differences in physiology (e.g., absence and
presence of a complete tricarboxylic acid cycle, respectively).
In group I organisms, the tricarboxylic acid cycle does not have
a significant catabolic role (16), but this limitation in strain WP
12 did not decrease the apparent aerobic and anaerobic
survival relative to M. tnchosporium OB3b.
Interestingly, anaerobic metabolism involving pyruvate and
nitrite has been described for Nitrosomonas europaea (1, 43),
and a low-level-maintenance fermentation of glucose was
recently proposed for some pseudomonads (20). Several meth-
anotrophs, including M. tnichosporium OB3b, have been shown
to reduce small amounts of NO3 and NO2- to N20 under
anoxic conditions, but the significance of this reductive capac-
ity is uncertain (27, 38, 49). In addition, recent results suggest
that anaerobic survival of strain WP 12 proceeds equally well in
the absence of potential exogenous electron acceptors (38).
However, it remains to be elucidated which exogenous and
endogenous substrates will support a possible anaerobic non-
respiratory maintenance metabolism in methanotrophs.
Finally, it is likely that estimation of bacterial survival under
anoxic conditions by using measurements of subsequent aero-
bic metabolism (e.g., aerobic growth and electron transport
activity) may underestimate the true viability in the absence of
oxygen. A recent study by Binnerup and S0rensen (7) sug-
gested that recovery of Pseudomonas aeruginosa PA0303 from
anaerobic energy starvation (lack of electron acceptor) was
significantly greater when measured under anoxic denitrifying
conditions than under oxic conditions. Previous studies of
survival in facultative bacteria also suggested that anaerobic
growth may increase the number of bacteria recovered from
heat stress (26). Although recovery of methanotrophs in the
absence of oxygen is not possible, it is conceivable that
maintaining microaerophilic conditions during recovery may
be advantageous compared with incubation at atmospheric
oxygen levels. Collectively, these observations emphasize the
importance of controlling oxygen conditions in experiments
dealing with bacterial starvation and recovery.
In conclusion, the methanotrophic bacteria examined in this
study survived extended carbon starvation and remained in a
physiological state that facilitated a relatively fast response to
substrate addition. This strategy was apparently used regard-
less of growth conditions prior to complete methane starvation
and may be advantageous in situ where changes in oxygen and
carbon abundance can occur abruptly. The observation that
anaerobic starvation of methanotrophs often led to better
survival than did aerobic starvation suggests an ability to
depend temporarily on an anaerobic maintenance metabolism.
Further insight into the physiological characteristics of such an
anaerobic metabolism may help to explain the presence of
significant numbers of viable methanotrophic bacteria in an-
oxic zones of sediments and soils.
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